M icroRNAs, non-coding regulators of gene expression, are likely to function as important downstream effectors of many transcription factors including MYB. Optimal levels of MYB are required for transformation/maintenance of BCR-ABL-expressing cells. We investigated whether MYB silencing modulates microRNA expression in Philadelphia-positive (Ph + ) leukemia cells and if MYB-regulated microRNAs are important for the "MYB addiction" of these cells. Thirtyfive microRNAs were modulated by MYB silencing in lymphoid and erythro-myeloid chronic myeloid leukemia-blast crisis BV173 and K562 cells; 15 of these were concordantly modulated in both lines. We focused on the miR-17-92 cluster because of its oncogenic role in tumors and found that: i) it is a direct MYB target; ii) it partially rescued the impaired proliferation and enhanced apoptosis of MYB-silenced BV173 cells. Moreover, we identified FRZB, a Wnt/β-catenin pathway inhibitor, as a novel target of the miR-17-92 cluster. High expression of MYB in blast cells from 2 Ph + leukemia patients correlated positively with the miR-17-92 cluster and inversely with FRZB. This expression pattern was also observed in a microarray dataset of 122 Ph + acute lymphoblastic leukemias. In vivo experiments in NOD scid gamma mice injected with BV173 cells confirmed that FRZB functions as a Wnt/β-catenin inhibitor even as they failed to demonstrate that this pathway is important for BV173-dependent leukemogenesis. These studies illustrate the global effects of MYB expression on the microRNAs profile of Ph + cells and supports the concept that the "MYB addiction" of these cells is, in part, caused by modulation of microRNA-regulated pathways affecting cell proliferation and survival.
Transcriptional activation of the miR-17-92 cluster is involved in the growth-promoting effects of MYB in human Ph-positive leukemia cells Introduction
The Philadelphia chromosome (Ph) is the typical chromosomal abnormality of chronic myeloid leukemia (CML) patients. 1 It is also detected in a subset of B-cell acute lymphoblastic leukemia (ALL), and less frequently in acute myeloid (AML) and mixed-phenotype acute (MPAL) leukemias. 1 The hallmark of the Ph chromosome is the translocation of the proto-oncogene ABL1 from chromosome 9 to the Ferrata Storti Foundation breakpoint cluster region gene (BCR) on chromosome 22, generating the BCR-ABL1 fusion gene. Such a gene encodes the p190, p210 or the p230 BCR-ABL1 isoforms; these chimeric proteins have constitutively active tyrosine kinase activity and promote the aberrant activation of signaling pathways causing enhanced cell proliferation and resistance to cell death. 2 We identified several transcription factors (TFs) whose expression/activity is regulated by BCR-ABL1 oncoproteins and is required for BCR-ABL1-dependent leukemogenesis. [3] [4] [5] [6] One such TF is MYB, the prototypical TF of the Myb family, 7 essential for fetal and adult hematopoiesis 8, 9 and required for colony formation of myeloid leukemia blasts, a subset of T-cell leukemia, and BCR-ABL1-transformed myeloid and B cells. 6, [10] [11] [12] In vitro and in mice, BCR-ABL1-transformed cells are more dependent on MYB expression than their normal counterparts, 6, 12 supporting the concept that certain leukemic cells are "addicted" to MYB. 10, 11, 13 This concept was validated in MLL-AF9-associated AML where partial and transient MYB suppression phenocopies MLL-AF9 withdrawal, eradicating aggressive AML in vivo without preventing normal myelopoiesis.
14 MicroRNAs (miRNAs) are small molecules of approximately 22 nucleotides that reprogram gene expression, promoting mRNA degradation and blocking mRNA translation. 15 MiRNAs may be especially important in regulating the expression of TFs such as MYB that has distinct biological effects in normal hematopoiesis and in leukemic cells based on its expression levels. 15, 16 Regulation of MYB expression through miRNAs has been reported previously. [17] [18] [19] [20] Levels of MYB expression may be differentially controlled by multiple miRNAs and, conversely, MYB could control the expression of different miRNAs 9, [17] [18] [19] [20] [21] to execute lineage-specific developmental choices at critical junctions during hematopoiesis. In particular, overexpression of miR-15 reduced MYB levels in vitro, suppressing erythroid and myeloid colony formation. 17 MYB is a direct target of miR-150, playing a key role at different stages of B-cell development. 18, 20 To gain more information on the role of MYB-regulated miRNAs in leukemic cells, we investigated changes in miRNA levels induced by MYB silencing in Philadelphiapositive (Ph + ) cells. We found that, upon MYB silencing, 15 miRNAs are modulated in K562 and in BV173 Ph + cells. Among these, the miR-17-92 cluster was regulated transcriptionally by MYB through binding to its 5' regulatory region. Restoring miR-17-92 expression in MYB-silenced BV173 cells partly rescued the reduced proliferation and enhanced apoptosis of these cells. The reduced expression of the miR-17-92 cluster in MYB-silenced Ph + cells was associated with upregulation of FRZB, an inhibitor of the Wnt/β-catenin pathway, critical for the maintenance of BCR-ABL1-transformed stem cells.
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Methods
Cell lines
Philadelphia-positive BV173, SUP-B15 and K562 cells were used for the experiments performed in this study.
Culture condition, infection with viral vectors to obtain derivative cell lines, transfection, microarray and transcriptional profiling, cell proliferation, cell viability, cell cycle analysis, apoptosis assays, western blotting, RNA isolation and analysis by quantitative real-time PCR (qRT-PCR), chromatin immunoprecipitation (ChIP) assays and luciferase assay techniques are all described in the Online Supplementary Methods and Online Supplementary Table S1 .
Details of statistical/bioinformatic analysis are also described in the Online Supplementary Appendix.
Patients
Bone marrow cells were obtained, after informed consent, from 2 Ph + patients, one with CML-blast crisis with the p210 BCR-ABL isoform, and another with a de novo ALL with the p190 BCR-ABL isoform. In both cases, no additional chromosomal abnormalities were detected by cytogenetic analysis.
The study was approved by the Ethical Committee of the Regina Elena National Cancer Institute of Rome, in compliance with the Declaration of Helsinki.
In vivo studies assessing the effects of ectopic FRZB expression 
Results
Differential expression of microRNAs in MYB-silenced
Philadelphia-positive leukemic cells
We showed previously that optimal levels of MYB expression are required for transformation and maintenance of BCR-ABL-expressing cells. 6, 12 Since miRNAs are exquisite regulators of gene expression, it is likely that MYB-regulated miRNAs are important for the "MYB addiction" of BCR-ABL-transformed cells. To this end, we performed microarray hybridization studies on RNA from the CML-lymphoid blast crisis BV173 and CML-erythromyeloid blast crisis K562 Ph + cell lines transduced with the doxycycline (Doxy)-inducible lentiviral vector pLVTSH-MYB ShRNA (BV173-ShMYB and K562-ShMYB). 23 Compared to untreated (not treated; NT) control cells, Doxy treatment essentially abolished MYB expression in BV173-and K562-ShMYB cells ( Figure 1A, upper panel) . Unsupervised hierarchical clustering analysis shows expression levels of 519 miRNAs in NT and Doxy-treated [24 hours (h)] BV173-and K562-ShMYB cells ( Figure 1A , lower panel). Of these, 125 and 66 were differentially expressed (P≤0.05) in MYB-silenced BV173-and K562-ShMYB cells, respectively ( Figure 1B ). Of the 35 miRNAs whose expression was altered in both Ph + cell lines, 15 were modulated concordantly (Online Supplementary Table S2 ) and 20 discordantly in the two lines (Online Supplementary Table S3 ).
Real-time PCR analysis of differentially expressed miRNAs in doxycycline-treated BV173-, SUP-B15-and K562-ShMYB cells
To validate the results of the miRNA microarray analysis, expression levels of 5 miRNAs (miR-17, miR-18a, miR-7, miR-324 and miR-4284) down-regulated by MYB silencing in both cell lines were assessed by qRT-PCR. These miRNAs were selected based on the fold change of their expression in MYB-silenced cells and their role in tumors. [24] [25] [26] [27] [28] In agreement with the microarray data, expression of all 5 miRNAs was significantly down-regulated after 48 Figure 1E ) which is involved in BCR-ABL-dependent transformation, 29 we also assessed levels of cluster members miR-19a-3p,-19b-3p,-20a-5p and miR-92-5p. These miRNAs were among those expressed in both cell lines in our microarray assay (Online Supplementary Tables  S3 and S4 ). In contrast with the microarray data, qRT-PCR analysis showed that levels of all 4 miRNAs were downregulated in Doxy-treated (48 h) K562-ShMYB cells, whereas only the expression of miR-19a-3p, miR-19b-3p and miR-92-5p (24 h) was decreased in Doxy-treated BV173-ShMYB cells ( Figure 1F and G). These conflicting results may depend on the greater sensitivity of the qRT-PCR compared to the microarray assay. We also assessed the effects of MYB silencing on the expression of the miR-17-92 cluster in the Ph + ALL cell line SUP-B15 which expresses the p190 BCR-ABL isoform. In this line, Doxy treatment (24 and 48 h) to silence MYB expression induced a statistically significant decrease of miR-17, miR18a, miR-19a and miR-19b levels (Online Supplementary Figure S1 ). Specificity of the effects of MYB silencing on the expression of the miR-17-92 cluster were demonstrated by using a BV173 derivative line expressing a mutant MYB cDNA harboring synonymous point mutations in the sequence targeted by the MYB shRNA (shRNA-resistant MYB BV173 cell line). Upon Doxy treatment to silence endogenous MYB expression, we found that, in contrast to the parental line (BV173-ShMYB), expression of members of miR-17-92 cluster was not modulated in the BV173 line expressing the MYB cDNA not targetable by the MYB ShRNA (Online Supplementary Figure S2) . Thus, Doxy-induced changes in the expression of the miR-17-92 cluster are a specific consequence of MYB silencing.
MYB binds the promoter of the miR-17-92 cluster
To investigate whether MYB could directly regulate transcription of the miR-17-92 cluster, we analyzed the MIR17HG promoter for the presence of putative MYB binding sites (MBS). Using MatInspector (www.genomatix.de/matinspector.html), we scanned 4000 bp upstream of the MIR17HG gene and identified several putative MBS (Figure 2A ). We focused on 5 MBS with the highest matrix similarity score (Online Supplementary Table  S5 ). Genomic positions of these MBSs relative to MIR17HG Transcriptional Start Site (TSS) are indicated in Figure 2A . To assess whether MYB binds these regions in vivo, ChIP assays were performed in NT and Doxytreated BV173-and K562-ShMYB cells and de-cross-linked DNA amplified with primers flanking genomic regions MYB effects on miRNA profile of Ph+ leukemia cells haematologica | 2019; 104 (1) 85 
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that include putative MBS ( Figure 2A) . As a positive control, ChIP was performed using an MBS-containing segment of the adenosine deaminase gene (ADA), a known transcriptional target of c-MYB. 30 MYB bound efficiently, in both untreated cell lines, to the promoter region that includes MBS#1, the site closest to the TSS of MIR17HG ( Figure 2B ); in contrast, reduced binding was detected at all other promoter segments ( Figure 2B ), especially in BV173 cells. Binding of MYB to the region of the miR-17-92 promoter that includes MBS#1 was markedly decreased upon Doxy treatment (72 h) of BV173-and K562-ShMYB cells ( Figure 2B ). As expected, MYB binding to the ADA promoter was also decreased ( Figure 2B ). To further investigate whether the miR-17-92 cluster is directly regulated by MYB we carried out luciferase assay using reporter plasmids with or without MBS#1 (PGL3-prom1353 and ΔMBS#1-prom230, respectively) ( Figure  2C , left). We found that the luciferase activity of the ShMYB-BV173 cells transfected with the PGL3-prom1353 was decreased by approximately 33% after a 24 h Doxy treatment to silence MYB expression; in contrast, in cells transfected with the truncated ΔMBS#1-prom230 plasmid lacking MBS#1 there was only a 4% decrease of luciferase activity after Doxy treatment ( Figure 2C, right) . These data strongly suggest that MYB is important for the transcription of the MIR17HG locus.
Involvement of the miR-17-92 cluster in the "MYB addiction" of Ph + leukemia cells
To investigate whether restoring expression of the miR-17-92 cluster affects the phenotype of MYB-silenced cells, we generated BV173-ShMYB cells over-expressing the miR-17-92 cluster and assessed proliferation and survival of these cells upon MYB silencing. These studies were not performed in K562 cells because the biological effects induced by MYB silencing in these cells were modest, compared to those in BV173 cells. Expression of MYB was suppressed in Doxy-treated BV173-ShMYB cells and in the miR-17-92 derivative line which exhibited increased expression of each member of the miR-17-92 cluster ( Figure 3A ). Compared to BV173-ShMYB-EV cells, the miR-17-92 over-expressing cell lines showed increased proliferation (P≤0.01) upon MYB silencing. This was evident after 24 h of Doxy treatment and persisted at 48 h and 72 h ( Figure 3B, left) . Likewise, viability of Doxytreated BV173-ShMYB cells over-expressing the miR-17-92 cluster was significantly increased (P≤0.01) compared to that of Doxy-treated BV173-ShMYB-EV cells ( Figure  3B, right) . DNA content analysis revealed that Doxytreated BV173-ShMYB cells over-expressing miR-17-92 have a greater proportion of S-phase cells than Doxytreated BV173-ShMYB-EV cells (12% vs. 6% after 48 h Doxy treatment) ( Figure 3C ). In addition, cultures of haematologica | 2019; 104(1) 
Integrative analysis of gene expression profiles of MYB-silenced cells and predicted miRNA-regulated genes identifies novel putative miR-17-92 targets
We used gene expression profiling of MYB-silenced cells to identify MYB target genes potentially regulated by the miR-17-92 cluster. The miRWalk 2.0 database was used to investigate potential interactions of the miR-17-92 cluster with genes regulated by MYB silencing in BV173 and K562 cells. From this analysis, we found that 44 genes modulated by MYB silencing (15 up-regulated and 29 down-regulated) are predicted targets of the miR-17-92 cluster (Table 1 and Figure 4A ). We focused on the up-regulated genes since the decreased expression of the miR-17-92 cluster in MYB-silenced cells should increase the levels of its putative targets. Thus, we performed qRT-PCR to assess the expression of two candidate targets, PBX2 and FRZB, involved in the regulation of proliferation and apoptosis. 31, 32 Such analysis revealed a statistically significant (P≤0.05) increase of PBX2 and FRZB expression in MYB-silenced Ph + ALL BV173 and SUP-B15 or K562 cells ( Figure 4B and C).
FRZB is a potential effector of the miR-17-92 cluster in the "MYB addiction" of Ph + leukemia cells
The oncogenic effect of the miR-17-92 cluster is caused by the co-operation of its members in targeting tumorsuppressive pathways. 28, 33 Several studies have shown that the miR-17-92 cluster directly targets "pro-apoptotic" genes such as Phosphatase and tensin homolog (PTEN), the apoptosis facilitator BCL2L11 (BIM) and the antiangiogenic factor thrombospondin-1 (THBS1) in normal lymphopoiesis, [34] [35] [36] [37] in MYC-driven lymphomas 38 and in immunodeficiency or lymphoproliferative states. 39 To assess whether the expression of validated miR-17-92 tar-MYB effects on miRNA profile of Ph+ leukemia cells haematologica | 2019; 104 (1) 87 Figure S3) . The expression of p21 and E2F1 genes, two other experimentally validated miR-17-92 targets, 40 was also assessed in MYB-silenced BV173 cells. MYB silencing induced an increase in the expression of p21 but this increase was not blocked by overexpression of the miR-17-92 cluster. In contrast, expression of E2F1 was down-modulated after MYB silencing and was not affected by overexpression of the miR-17-92 cluster (Online Supplementary Figure S4) . These results suggest that MYB silencing modulates p21 and E2F1 expression independently of its effect on the miR-17-92 cluster expression.
Since our goal was to investigate novel miR-17-92 targets, potentially involved in the "MYB addiction" of Ph + leukemia cells, we focused on FRZB because ectopic expression of the miR-17-92 cluster blocked the increased expression of FRZB mRNA but not of PBX2 mRNA ( Figure  4E ) induced by MYB silencing in BV173-ShMYB cells ( Figure 4B ). FRZB is the founding member of the secreted Frizzled-related protein (SFRP) family of Wnt inhibitors 32, 41 and suppresses Wnt signaling thus preventing the accumulation of β-catenin into the nucleus. 42 Then, we used miRwalk (http://zmf.umm.uni-heidelberg.de/apps/zmf/mirwalk2/), TargetScan Figure 5A and B, left panel). In contrast, levels of FRZB were much higher in cells from healthy donors than in blast cells from the Ph + leukemia patients ( Figure 5B, right panel) . In agreement with these findings, we found that, in a microarray dataset of 122 Ph + ALL samples, MYB mRNA levels were more abundant in Ph + ALL cells compared to normal B cells, while the opposite was found for FRZB expression ( Figure  5C ).
To investigate directly whether expression of FRZB has a negative effect for leukemia development, NOD scid gamma (NSG) mice were injected with EV-transduced or FRZB-expressing BV173 cells carrying the β-catenin-Luc reporter plasmid and assessed for overall survival. Survival of the two groups was identical ( Figure 6A) ; however, β-catenin activity was markedly reduced in BV173 cells isolated from the bone marrow or spleen of a mouse injected with FRZB-expressing compared to EV-transduced cells ( Figure 6B ). These data suggest that leukemia induced by Ph + BV173 cells is β-catenin-independent but do not exclude the possibility that FRZB-dependent regulation of β-catenin activity is important for leukemia induced by primary Ph + ALL cells.
Discussion
The expression of MYB is critical for the proliferation and survival of many leukemic cells, including BCR-ABL1-transformed myeloid and lymphoid cells; 6, 12 however, the mechanisms responsible for the "MYB addiction" of these cells are only partially understood.
In this study, we assessed the miRNA expression profile of MYB-silenced BV173 and K562 CML-blast crisis cells with the goal of identifying miRNAs whose modulation might explain the impaired proliferation and survival associated with MYB knockdown in BCR-ABL1-transformed lymphoid or myeloid precursors. 6, 12 Interestingly, MYB appears to have broad effects, directly or indirectly, on the levels of miRNAs since approximately 24% and 13% of those expressed in BV173 and K562 cells, respectively, were modulated by MYB silencing. Although many miRNAs regulated by MYB exhibited changes in both cell lines, a high number of the modulated miRNAs exhibited cell-type specificity.
We speculated that those modulated by MYB in a celltype specific manner may regulate pathways required for more specialized cell functions, while those regulated in both cell lines may be involved in more general biological processes, such as cell proliferation and survival. Within the miRNAs regulated by MYB in both cell lines, we focused on the miR-17-92 cluster because of its oncogenic role in many tumors, 28, 43, 44 its involvement in BCR-ABL1-transformed cells, 45 and its regulation by MYC, 44 a known MYB target. 46 We found that MYB bound directly to the miR-17-92 promoter, suggesting that its effects on the expression of several members of the miR-17-92 cluster are direct, although an indirect effect through other transcription factors (eg. c-Myc) and/or co-activators cannot be excluded. 47 On the other hand, silencing MYB alone does not abolish expression of the miR-17-92 cluster, suggesting that other transcription factors also regulate the expression of the miR-17-92 cluster in BCR-ABL1-transformed cells. 16 Compared to control cells, MYB-silenced BV173 cells exhibit a marked inhibition of cell growth which is due to cell-cycle arrest and induction of apoptosis. 48 Thus, we asked whether restoring expression of the miR-17-92 cluster would rescue the impaired growth of M. Spagnuolo et al. 90 haematologica | 2019; 104(1) 
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MYB-silenced BV173 cells. Ectopic expression of the miR-17-92 cluster caused an increase in the S phase fraction and a decrease in the apoptosis of MYB-silenced BV173 cells, but the effect was modest. This is not surprising, since silencing MYB expression induces global changes in miRNA and mRNA levels causing an impaired proliferation and survival that cannot be rescued by expression of the miR-17-92 cluster alone. The expression of some established targets of the miR-17-92 cluster (e.g. p21 and E2F1) was also markedly modulated by MYB silencing; however, restoring the targets of the miR-17-92 cluster did not change the effects on such expression induced by MYB silencing, strongly suggesting that the predominant mechanism of MYB regulation of these two genes is miR-17-92-independent. In contrast, ectopic expression of miR-17-92 completely blocked the upregulation of THBS1, a known miR-17-92 target, 37 and of FRZB, a novel candidate for miR-17-92 inhibition, which is induced by MYB silencing. FRZB functions as an inhibitor of the Wnt/β-catenin signaling pathway which is activated in CML stem cells/early progenitors and is important for their proliferation and survival. 22, 42 However, ectopic expression of FRZB in BV173 cells, when injected in NSG mice, had no effect on their survival, in spite of a marked inhibition of β-catenin activity.
These data suggest that BV173 cells induce leukemia in mice through β-catenin-independent mechanisms but do not exclude the possibility that FRZB-dependent regulation of β-catenin activity is important for leukemia induced by primary Ph + ALL cells. In summary, this study illustrates the global effects of MYB expression on the miRNA profile of Ph + leukemic cells and supports the concept that the "MYB addiction" of Ph + BV173 cells is, in part, caused by modulation of miRNA-regulated pathways affecting cell proliferation and survival.
